Fracture healing is a complex biological process that requires interaction among a series of different cell types. Maintaining the appropriate temporal progression and spatial pattern is essential to achieve robust healing. We can temporally assess the biological phases via gene expression, protein analysis, histologically, or non-invasively using biomarkers as well as imaging techniques. However, determining what leads to normal verses abnormal healing is more challenging. Since the ultimate outcome of the process of fracture healing is to restore the original functions of bone, assessment of fracture healing should include not only monitoring the restoration of structure and mechanical function, but also an evaluation of the restoration of normal bone biology. Currently very few non-invasive measures of the biology of healing exist; however, recent studies that have correlated non-invasive measures with fracture healing outcome in humans have shown that serum TGFbeta1 levels appear to be an indicator of healing vs nonhealing. In the future, developing additional serum measures to assess biological healing will improve the reliability and permit us to assess stages of fracture healing. Additionally, new functional imaging technologies could prove useful for better understanding both normal fracture healing and predicting dysfunctional healing in human patients.
Introduction
The molecular and cellular aspects of fracture healing occur in overlapping stages that have been best described for murine fracture healing [1] (Figure 1 ). Initially, after injury a hematoma forms and this is followed by inflammatory cells arriving at the fracture site to debride the wound. During the soft callus phase of healing a collar of bone forms at the periosteum adjacent to the fractured bone, and cells in the periosteum proliferate and differentiate into chondrocytes that form cartilage that bridges the fracture gap [2] . During the hard callus phase, the cartilage is replaced by bone through endochondral ossification, possibly by transformation of some of the chondrocytes into osteoblasts [3] . Finally, through remodeling, newly formed bone is restored to its pre-injured state. In mice this entire process occurs over a period of approximately 28 days, with remodeling continuing for quite some time after that ( Fig. 1 and 2 ).
Recently, this entire sequence of events has been viewed from a different perspective, and the entire healing cascade has been proposed to consist of two distinct phases [4] . First, during the anabolic stage, new bone and cartilage is formed, and during the catabolic phase, the cartilage is replaced by bone which is then further remodeled to restore normal structure. This anabolic-catabolic view cleverly imposes mechanistic actions on the processes during fracture healing and may aid in our understanding of how problem fractures form and in designing therapies to treat these fractures.
In this review article, we consider the various phases of fracture and how alterations in fracture healing may occur from a biological perspective. Next, we consider biological assessments of fracture healing and discuss how we can assess biological factors both invasively and non-invasively to understand the progression of healing in humans with bone fractures, ultimately to both guide treatment and predict fracture outcome.
Role of the inflammatory system in fracture healing
The influx of inflammatory cells, derived from the bone marrow, is thought to play an important role in the process of fracture healing [5] . However, until recently the importance of inflammatory cells to bone physiology and bone fracture healing have been poorly described. Identification of a population of tissue-resident macrophages that are in close association with osteoblasts lining the bone marrow cavity have been identified and shown to influence normal bone remodeling as well as fracture healing [6] . When macrophage influx to the fracture site is blocked either genetically, or with chemical compounds, fracture healing progresses more slowly [6, 7] . In complementary experiments, stimulating influx of macrophages to the fracture site also stimulates fracture healing. Thus, macrophages appear to play key anabolic roles during fracture healing.
Inflammation may also inhibit bone fracture healing. We have recently shown that sustained inflammation in a mouse model of reduced Notch signaling results in alterations in bone healing characterized by delayed chondrogenesis and reduced callus size [8] . In particular, in humans a number of comorbidities with increased inflammation, including diabetes, smoking, and aging, leads to decreased bone healing potential, but the reasons for the difficulties that are observed are unknown. We tested the ability of juvenile bone marrow to stimulate healing in older mice, and observed that the juvenile bone marrow stimulated bone fracture healing and led to more rapid resolution of inflammation [9] . Our most recent preliminary work demonstrate that blocking macrophage influx into the fracture site in old animals leads to better healing compared to age-matched controls [10] . From these observations, we conclude that the effect of the inflammatory response to bone fracture is age dependent. In young animals macrophages stimulate fracture healing while in older animals macrophages appear to delay fracture healing. We suspect that this is due to changes in the ability of inflammatory cells to polarize from a pro-inflammatory to an antiinflammatory state [11] .
Role of periosteum in fracture healing
The periosteum is critical for successful fracture healing because the vast majority of stem and progenitor cells that will form the bone and cartilage regenerate are located in this tissue. In the past, mesenchymal stem cells derived from the systemic circulation were thought to migrate to the site of bone injury and contribute to the formation of bone and cartilage at the fracture site [12] . However, while these studies clearly demonstrated the presence of systemically-derived mesenchymal cells at the fracture site, their contribution to the bone and cartilage was not evident. In contrast, an elegant method for lineage tracing in the callus was used to show that the periosteum and endosteum provided a large majority of cells that formed bone and cartilage at the fracture site [13] . Interestingly, the periosteum had the potential to form both bone and cartilage, but the endosteum was restricted to form only bone [13] . In support of this work, additional lineage tracing in murine fracture that only labels cells with GFP from the alpha-smooth muscle actin promoter at the time of fracture shows the essential contribution of local periosteal cells to the developing callus [14] . Of important note, in both of these studies local cells in the periosteum and endosteum contributed to the bone and cartilage that formed in the fracture callus. That is, the progenitor cells did not migrate from distant sites, rather, they proliferated and then differentiated into chondrocytes and osteoblasts very near their location of origin. While these observations do not rule out the possibility that other cell types may also contribute to the bone and cartilage regenerate, the data underscore the importance of the periosteum for robust fracture healing, because this appears to be the primary tissue of origin of the stem cells that will form both bone and cartilage after fracture.
Role of the vasculature in fracture healing
Bone is a highly vascularized tissue, and bone formation during development and fracture healing requires a robust angiogenic response [15] . Indeed, surgically induced ischemia in murine models results delayed fracture healing. However, the role(s) that the blood supply plays in fracture healing are not entirely known. Certainly, the blood supply delivers nutrients and some systemically-derived cells to the fracture site. However, recent studies also indicate that the cells of the blood vessels themselves are crucially important in promoting new bone formation. In distraction osteogenesis models of altered hypoxia inducible factor (HIF) signaling, demonstrate that new blood vessels are essential for bone formation [16] . Endothelial cells of blood vessels express members of the Bone Morphogenetic Protein family (BMP) among other signaling molecules to promote fracture regeneration [17] . Incubation of cartilage that is derived from a mouse fracture with human umbilical vein endothelial cells facilitates mineralization of the cartilage in a way that is equal to incubation with BMP2 [3] .
Our recent work (R.M and K.H.) has also focused on the role of oxygen during fracture healing. Levels of oxygenation have been associated with increased or decreased chondrogenic and osteogenic potential in vitro. Hypoxia appears to facilitate chondrogenesis [18, 19] while higher levels of oxygen appear to support osteogenesis while inhibiting chondrogenesis [20, 21] . During fracture healing, bone and cartilage form at the fracture site, depending on the amount of fracture site stability [22] . We have determined that non-stabilized fractures have a larger angiogenic response than fractures that are rigidly stabilized [23] . Recently, we directly assessed the effect of oxygen during fracture healing using a number of methods [24, 25] . First, we measured oxygen levels at the fracture site and determined that oxygen levels drop dramatically immediately after fracture, but rapidly return to near normal levels within a few days. Interestingly, during the first few days after injury areas that would eventually support chondrogenesis had lower levels of oxygen than regions where bone would form. To test a causal effect of oxygen levels on bone and cartilage formation, we exposed injured animals to hypoxic, normoxic, or hyperoxic environments. In hypoxia we observed an overall reduction in healing outcomes, but we did not observe a shift in the proportion of cartilage and bone that formed at the fracture site. Similarly, hyperoxia had a negative effect on fracture healing, likely due to the production of superoxide radicals, but we did not observe a shift in the ratio of bone and cartilage at the fracture site. Interestingly, in apparent contrast to work of Wang in distraction osteogenesis [26] , we observed that hypoxia led to a decreased angiogenic response compared to normoxic fractures, while hyperoxic fractures had a more robust angiogenic response. While both hypoxia and hyperoxia appear to delay bone fracture healing, hyperoxia actually stimulated healing in animals with an ischemic insult. Ischemic animals housed in a hyperoxic environment had more robust bone and cartilage formation compared to those in normoxic environments. The stimulatory effect in this scenario may be related to the increased stimulatory effect that hyperoxia has on angiogenesis [27] . This effect may lead to increased collateral blood vessel formation and more rapid restoration of blood flow to the lower limb. Hence, therapies that may stimulate angiogenesis may be effective therapies to treat fracture healing, and while this idea has been around for sometime there is little clinical work that has been done to translate this idea to patient care [28] .
The experimental data on bone and cartilage formation in vivo are also somewhat in contrast to our computational modeling work in which we demonstrate that alterations in oxygenation impact whether undifferentiated progenitor cells develop into chondrocytes or osteoblasts [25] . Considered together, it is clear that vascularization and oxygenation are undoubtedly essential for bone formation, but ideal levels required for proper healing are still poorly understood.
Role of cell differentiation and endochondral and intramembranous ossification
The phases of inflammation, angiogenesis, and mesenchymal activation precede the dynamic stage whereby undifferentiated mesenchymal cells undergo both chondrocyte and osteoblast differentiation prior to the process of endochondral and intramembranous ossification. As we have discussed, cells from the periosteum and to some degree the endosteum are the primary contributors to this stage of healing and further, this phase is influence by both the inflammatory phase and vascularization. During chondrogenic differentiation, MSC produce a matrix that is rich in type II collagen and proteoglycans such as aggrecan. As the chondrocytes undergo terminal differentiation they produce type X collagen and begin to undergo mineralization. Osteoblasts also have a distinct pattern of protein production, and produce a spectrum of ECM proteins that are characteristic of differentiated osteoblasts.
This differentiation phase results in a massive expansion of the callus dimension and begins to provide some initial stability. The differentiation of multipotent cells to either the chondrogenic or osteoblastic lineages in the fracture could be regulated by a wide variety of mediators that are known to regulate these processes. In so much as endochondral ossification and intramembranous ossification processes in fracture are akin to these same processes in development, signaling factors that are known to play important roles in development can be used to inform our understanding of bone regeneration. In that regard, Wnts and the TGFbeta super family members TGFbeta and BMPs, are likely important regulators. As well, growth regulators such as Insulin-like growth factor, FGF family members, PTHrP, Hedgehog signaling, and Notch signaling, as well as other growth factors could all impact the process of cell differentiation, maturation, and terminal bone development. However, other non-growth factor proteins, including extracellular matrix proteins and matrix metalloproteinases may also influence the differentiation process. As one example, the genetic disruption of the ECM protein thrombospondin-2 results in undifferentiated cells becoming osteoblasts preferentially over chondrocytes, thereby more bone is formed earlier, and there is earlier provisional callus stability [29] .
Role of remodeling
Following the formation of primary bone, the remodeling phase is characterized by osteoclastic resorption and secondary mature bone formation via intramembranous bone formation. At this stage of bone formation, there is no more chondrogenesis and bone becomes denser and more mature, and there is an eventual restoration of bone shape. The remodeling phase is actually the longest phase of healing, and this is the period through which there is a restoration of both mechanical and biological function. While the extent of mature bone and remodeling changes in shape can be evaluated longitudinally with radiographs and CT, it is also important to understand when biological function is restored.
Assessing the biology of fracture healing
One dominant theme in the consideration of the phases of fracture healing is the idea that each phase is influenced by preceding phases, thus in any attempt to understand the biology of fracture healing, and assessing the biological stage of healing, it is essential to consider and understand what has happened earlier. Thus, by extension, in assessing fracture healing it is imperative to consider how we can monitor the temporal phases of healing and an eventual restoration of function.
Invasive (destructive) studies to assess fracture healing include evaluating structure, cells, cell and ECM biochemistry, and molecular regulation. Histology -both light microscopic and ultrastructural histological analysis -provides essential information as to when a fracture is healed biologically. Histology can be combined with functional evaluations, antibody based methods or in situ hybridization to discern molecules in a spatial context. While feasible, less work has focused on evaluating the spectrum of proteins produced during fracture healing (proteome), but there has been relatively extensive gene profiling of the transcriptome associated with fracture under both normal healing conditions and during altered fracture healing [30] . Even at the single gene level, alterations in gene expression in the heterogenous callus coincide with defined stages of healing (Figure 3 ). For instance, high-throughput methods have been used to assess altered healing in association with aged fracture healing. These studies show alterations in a transcriptional program in inflammatory mediators (Ahn and Hankenson, unpublished results). Ultimately, the spatial complexity of the healing process, coupled with the overlapping phases of healing make developing a thorough understanding of the biological processes of healing difficult. Ultimately, we will need to develop an extensive molecular, proteomic, and cellular phenotypic map of cell type-specific expression patterns in a temporally defined manner and ultimately normal and abnormal healing must be compared in this context. Unfortunately, while these invasive measures of cellular, molecular, and proteomic characterization provide essential increases in understanding of fracture biology as well as reveal new potential targets for analysis, in most cases these tools cannot be used in humans, thus non-invasive methods of assessment are required.
Non-invasive approaches to assess the phases of fracture healing
Non-invasive methods to assess the local inflammatory response in fracture healing and both its magnitude and length are not well-described, but it is conceivable that changes in systemic factors could be assessed. For instance, the profile of cytokines produced locally but expressed systemically could be assessed using serological assays. While some cytokine profiling has been described during experimental fracture healing in rats locally [31] and mice systemically [32] , more work would be required to discern systemic patterns of cytokine expression and how those are associated with both normal and abnormal healing.
Despite the essential role of the periosteum in regeneration, methods to measure an appropriate periosteal response or alterations in a periosteal response in the healing process are less clear. Animal models permit us to harvest fractures at various time points and to evaluate those fractures using histological techniques, but obtaining cellular level detail of periosteal responsiveness in humans, in a noninvasive manner, is much more difficult. Thus it would be essential to develop surrogate measures of responsiveness. To date, we have little understanding of cytokines and/or growth factors that may drive surface-specific activation of the periosteum, thus enhanced research in animal models will be required to identify key regulators of this phase of healing.
Being able to assess vascularization and oxygenation to assess fracture healing in human patients could be extremely useful. Potential methodologies for assessing proper vascularization and blood flow include traditional imaging modalities such as angiography, but newer approaches, including blood flow measurement using laser Doppler, nuclear imaging, MRI, Electron paramagnetic spectroscopy (EPR) and even optical imaging could be extremely useful as tools to assess bone healing non-invasively.
Understanding the balance between endochondral and intramembranous bone formation, and the magnitude of each process is critical for assessment of fracture outcome. The pattern of intramembranous and endochondral bone formation is useful for defining the biology of healing, and determining when the formation period is completed. Obviously the extent/ magnitude of each of these processes will determine the size of the callus and mechanical stability.
The majority of currently available non-invasive methodologies for assessing healing are focused on evaluating either the differentiation phase (factors regulating differentiation) or the production of extracellular matrix components involved in either endochondral or intramembranous bone formation. From this perspective, the process of intramembranous bone formation can be followed and the process of resorption can be assessed. New bone formation can be assessed similarly to that described for differentiation, based on signaling factors that induce osteoblastogenesis, as well as an increase in osteoblast metabolic activity. On the other hand, osteoclast activity can be assessed by both evaluating factors that regulate osteoclast development such as RANKL and osteoprotegerin, key metabolites of osteoclasts such as tartrate-resistant acid phosphatase (TRAP) and cathepsin K, and breakdown products of bone ECM, such as type I collagen. Again, the ability to assay for proteins in human clinical cases is primarily limited to those factors that can be assessed using serum or urine biomarkers.
Utilizing systemic biological markers to assess delayed and non-union healing
Few studies have evaluated either imaging methods or laboratory-based methods to predict normal and prolonged healing, specifically of long-bone fractures. Systemically measured biological markers may facilitate the earliest diagnosis of delayed union. As previously described, biological markers can represent the release of components of the extracellular matrix that are either produced or degraded during the remodeling phase, or can include factors produced locally or systemically, such as growth factors, that guide the normal healing process.
Markers of bone formation are predominantly derived from osteoblasts. Current serum markers of bone formation activity include bone-specific alkaline phosphatase (ALP), procollagen type-I N-terminal propeptide (PINP), procollagen type-I C-terminal propeptide (PICP), and osteocalcin (OC). Also markers of bone resorption are available, including collagen breakdown products and enzymes such as tartrate resistant acid phosphatase and cathepsin K produced by osteoclasts. A number of studies over the past 15 years have been completed that have prospectively evaluated serum markers of bone formation following fracture. These studies have been done in both humans and animals. For instance, Ingle et al show alterations in AP, OC, and PINP with fracture. What is interesting to note is the wide individual variation, and also the length of time that these changes are manifested [33] . While a variety of studies show alterations (elevations) in a variety of markers, the usefulness of the markers is limited, without an understanding of the concurrent biological processes and the phases of healing. As well, markers that have been studied in bone regeneration reflect only the bone formation phase, and as previously discussed, in many cases we may need to understand earlier events.
There are also non-matrix components that have been studied in serum following fracture. As an example, sclerostin, a Wnt and BMP signaling inhibitor, levels are elevated in human fracture healing [34] , and there are elevations in the levels of macrophage colonystimulating factor in human fracture healing [35] While it is clear that serum markers can be used to demonstrate healing and perhaps to follow temporal changes in healing, the question of their usefulness in assessing poor healing is a more complicated question. To date it is still difficult to predict accurately normal consolidation of bone [36] . In clinical practice plain x-rays and CT are used. The usefulness of the results is limited and often does not correlate with functional healing. Importantly, a "diagnostic gap" of 6-8 weeks exists, during which time the patient and the surgeon are not aware of healing problems. To close this gap and to have a more guided approach in managing fracture many attempts have been made to monitor fracture healing with serological investigations (Table 1) . Some of these parameters provide informationbut only a few can distinguish between healing and no healing.
In a canine study of fracture healing, Komnenou et al show alterations in alkaline phosphatase, an enzyme involved in osteoblastogenesis and bone formation [37] . Both VEGF and TGFbeta-1 show dysregulation in association with altered healing [38, 39] , but perhaps the most compelling serum-based component that shows defined alterations in association with poor healing is TGFbeta1 [40] . The scientific background of this test was demonstrated in a prospective controlled study with 103 diaphyseal case-matched fractures of long bone. These patients were controlled over a period of 6 months following a standardized time schedule. The levels of over 80 cytokines, which are known for their influence on bone healing, were determined 1, 2, 4, 6, and 8 weeks and 3, 6, and 12 months after the injury. During a study period of 1 year, 15 patients in the initial study with an atrophic type of delayed union were studied and matched to 15 patients with normal fracture healing (Figure 4) . The diagnosis of delayed union was assumed in if there was failed consolidation radiogrphaically 4 months after trauma. An increase of TGF-ß1 serum levels up to 2 weeks after fracture were found in both groups with a return to the reference value within 6 weeks after trauma. However, the decline of serum TGF-beta1 levels occurred earlier in patients with delayed fracture healing. At 4 weeks after trauma, serum levels of TGF-beta1 were significantly lower in patients in the delayed union group. These findings support a critical role of TGF-beta1 in fracture healing and suggest that premature drops in TGF-beta1 levels are indicative of problems with healing. Indeed, eents during the consolidation phase seem to be dependent on sufficient TGF-beta1. These results have now been confirmed with over 30 patients in each group.
There is an important potential clinical impact of these results. In Figure 5 the accuracy of this test is illustrated. With a safety of more than 95% the likelihood of developing a nonunion over the healing time could be predicted at a time point of 4 weeks after trauma by measuring serum TGF-beta1. Clinically this means that the diagnosis of a non-union can be reliably done after 4 weeks. Therefore, patients could be managed in a very early state with supporting bone healing methods. This could have a significant economic impact as16 weeks of unemployment because of a non-union costs society at least $80,000 [41] .
Ultimately, a greater number of serum based markers that evaluate the various phases of fracture healing should also be developed. This would increase both the sensitivity and reliability of using biomarkers for determination of healing potential. Approaches to determine new markers to pursue will likely involve high-throughput technologies that study expressed genes (locally) or protein products (locally or systemically). Possible approaches include high-throughput proteomic analysis of serum post-fracture, and then correlating changes with phases of healing. On the other hand, utilizing local transcriptomic and proteomic approaches to identify putative candidates that may be produced locally will require animal models of induced fracture to be able to correlate parameters of healing with other serum markers.
Beyond serum markers, most of the assays that could serve as non-invasive biological predictors of fracture healing are still in a developmental stage. Vascularization is routinely assessed using MRI in combination with gadolinium clinically and this tool could be applied to assess the vascularization of fractures as predictive of healing outcome. This approach has been used to predict healing outcome of scaphoid bone fractures as well as perfusion of the femoral head following femoral neck fracture [42] [43] [44] ; however, it has not been reportedly used to predict fracture outcome of long-bone fractures.
A new frontier in assessing biological basis for healing is functional imaging. Optical imaging using near-infrared light has been FDA-approved and there are clinical instruments available. Flurophores can be coupled to reagents that can be incorporated into forming bone or that can identify blood vessels. While there are no reports of optical imaging being used for human fracture, Preliminary work has been completed on mouse models showing enhanced optical imaging signal during regeneration [45] .
Another possible imaging approach to assess biological approaches to fracture healing is radionuclide imagining with PET with fluorine-18 sodium fluoride or SPECT with technetium-99m methylene diphosphonate. However, radionuclide signals need to be correlated with phases of healing.
Finally, MRI-based imaging approaches that have been used for cartilage could be used to evaluate chondrogenesis and endochondral ossification. T2 mapping, T1rho, sodium MRI, and delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) take advantage of cartilage biochemistry to image cartilage effectively and could be used to evaluate the cartilaginous callus in secondary healing [46] .
Despite the promise of these functional imaging techniques as useful tools for healing potential prediction, a great deal of additional work must be completed before the techniques could be used as biological predictors of fracture outcome.
Conclusions
Developing methods to better assess the biological-basis for fracture healing is essential to improve patient care. The key to this development has two components. First as we have discussed throughout this review, we must better understand the temporal aspects of biological healing and then be able to develop useful assessment strategies in clinical patients. From this we can then develop outcome parameters that are predictive of biologically based healing. To be successful, a number of questions must be addressed:
• Non-invasively (non-destructively), can we detect when one phase of fracture healing has ended and another has begun?
• What is the biochemical and molecular profile of fractures that heal relative to those that don't heal and could these profiles reveal 'targets' to analyze to predict outcome?
• How do we most effectively validate the utilization of biomarkers to monitor healing and the possibility of poor healing? -Can we develop new, more specific, biomarkers for fracture healing?
Could a spectrum of biomarkers be utilized to predict fracture outcome, as well as, to understand the varying phases of healing?
• Will novel functional imaging modalities be useful to assess biological healing?
Addressing these questions will undoutedly require more investigations in animal models of altered fracture healing that focus on development of non-invasive methodoliges that can then be extend to the human clinical patient. These results can then be cross-compared with perspective studies of human fracture samples -both tissue harvests as well as serum harvests -that then can be correlated with fracture outcome. Time course of concentrations of TGF-b1 (mean + SEM) from patients after surgery for long-bone shaft fractures with normal (unions) or delayed consolidation (delayed unions).
Significant changes compared to the reference value (48-week unions; 72-week delayed unions) are indicated by asterisks (*P < 0.05, **P < 0.01). # Indicates significant differences a certain point between the union and delayed union group (#P < 0.05, ##P < 0.01). Clamps illustrate significant time related changes within both groups. 
